while limiting the overall elongation rate, allows the F
of G1136S was about two times greater than that of wt To test this hypothesis and to address its physiological ( Figure 2A ). Conversely, I1134V was more than three significance, we developed a genetic screen for domitimes slower than wt ( Figure 2A) . Furthermore, NusG, nant-negative mutations in the G region of the ␤Ј subunit.
which normally accelerates the elongation rate, was unThe rpoC gene was placed under the control of the able to do so in the case of the fast G1136S mutant. finely regulated pBAD promoter, and a library of point Moreover, both NusG and NusA (which normally slows substitutions in the ␤Ј segment comprising the entire G the elongation rate) failed to show any significant effect region was generated by error-prone PCR (see Experion the slow, I1134V enzyme. These data suggest that mental Procedures). Cells harboring the chromosomal the two mutations in the G loop of ␤Ј affect the function copy of ␤Ј that is inactive at 42ЊC were transformed with of the RNAP enzyme in the same manner as NusG and wt and mutant pBAD␤Ј plasmids. A parallel screen of NusA. G1136S and I1134V also responded differently to 2380 colonies at permissive and nonpermissive temperspecific pause signals, including the T stretch of the atures yielded 15 dominant-negative isolates, two of tR2 terminator (Gusarov and Nudler, 1999) , ops (Artsiwhich, I1134V and G1136S ( Figures 1B and 1C) , were movitch and Landick, 2000), and his and trp (Landick et al., 1996) ( Figure 2B ). G1136S almost completely failed selected for further analysis. 32 P] CMP EC32 was generated as described in (A) and chased to the termination site with 150 M NTPs for 20 min at 25ЊC. The efficiency of termination (%T) was calculated by dividing the amount of radioactivity in a terminated band by the total radioactivity present in the sum of the terminated and readthrough bands. Transcription termination, i.e., RNA dissociation from the EC and hence from the beads, was confirmed in each case by the loss of radioactive RNA corresponding to the termination band after washing the beads with TB100. A representative example is shown for the I1134V mutant in the lane marked W. In this experiment, the runoff EC serves as an internal control, which remained unchanged after washing.
to recognize these regulatory sequences under normal III (ExoIII) DNA footprinting. Comparison of the frontedge position of wt EC33 ( wt EC33) relative to G1136S EC33 chase conditions. In contrast, I1134V stalled for much longer than wt at each of these pause sites ( Figure 2B) . and I1134V EC33 ( Figure 3A , lanes 1-3) revealed a major difference between these three complexes. wt EC33 was Since pausing at the T stretch is crucial for termination (Gusarov and Nudler, 1999) , we also compared the abildistributed quite evenly over a three nucleotide span (namely ϩ1, Ϫ1, Ϫ2).
G1136S
EC33 was mostly forward ity of both mutants to terminate at the tR2 terminator. As expected, G1136S was almost completely resistant translocated, i.e., it shifted downstream toward the ϩ1 boundary, while
I1134V
EC33 was primarily backtracked, to termination at physiological NTP concentrations, while I1134V terminated much more efficiently than wt locating around the Ϫ2 position. Since in each case EC33 remained fully active during the experiment ( Figure  (Figure 2C Figure 4A, lanes 1-6) , even though it is forward translocated in relation to wt EC34, as detected by ExoIII ( Figure  3) . Our crosslinking data ( Figure 4A) showed that the bent/straight ratio of the F bridge in G1136S was the same as that in wt, implying the same equilibrium kinetics between bent and straight conformations in the two ECs. We therefore propose that the energy barrier between the two F bridge conformations is lower (and that the F bridge oscillates faster) in Figure  4B, lanes 4-9) . This is consistent with the notion that similar ratchet mechanism was originally proposed for T7 RNAP (Guajardo and Sousa, 1997; von Hippel, 1998). the bent conformation of the F bridge that predominates in I1134V inhibits cleavage ( Figure 4A ). Reinforcing this
In the model proposed here, however, the S pawl is The two pawl ratchet model also reveals an intrinsic or template-specific NTP binding sites other than iϩ1 to explain the biphasic rate curves. Simply, under submechanism for proofreading. Our kinetic description of this model predicts that the presence of an incorrect strate-limiting conditions, the F bridge has a higher probability to melt the 3Ј end of the hybrid, thus facilitatsubstrate in the iϩ1 site would facilitate backtracking (see Supplemental Figure S2 on the Cell website). This ing backtracking ( Figure 5, trap state) . On the other hand, at saturating NTP concentration, the action of the F pawl situation can be readily understood in mechanical terms: the incorrect substrate represents a stationary pawl with becomes the rate-limiting step. With a certain probability, the F bridge blocks the binding of NTP at the iϩ1 a geometry that favors movement of the ratchet in the reverse direction. Consistent with this notion, a noncomsite, thus serving as a throttle that limits the S pawl. Irregularities between F bridge transitions are likely to plementary substrate (e.g., GMP or AMP) promoted backtracking of wt EC33 ( Figure 3E, lanes 3 and 4) . Furrepresent force-independent pauses detected at the single-molecule level (Neuman et al., 2003) . thermore, addition of complementary GMPcPP together with saturating amounts of incorrect CTP or ATP (iϩ2 substrate) suppressed GMPcPP-mediated forward transMechanism of Transcription Fidelity Our kinetic representation of the two pawl model (see location ( Figure 3E, lanes 8 and 9) . We conclude that these nucleotides all compete for the same iϩ1 site. Supplemental Data on the Cell website) argues that the faster the F bridge oscillates between bent and straight During backtracking, the 3Ј terminus of RNA would eject the wrong substrate from the iϩ1 site through the secconformations, the greater the probability of misincorporation. Indeed, the probability of a correct choice of ondary channel before phosphodiester bond formation had occurred, thus diminishing the probability of an er-NTP in the iϩ1 site is diminished by the rapidly oscillating F bridge: this limits the time needed for discrimination ror. Remarkably, this mechanism of proofreading does not require any energy input or any special site for sebetween correct and incorrect substrates, which depends on base-pairing energies and structural criteria. lecting a substrate other than iϩ1. To test these considerations and our model, we compared (Figure 2A) . Thus, all press F bridge oscillation in this mutant any further. major types of regulatory signals seem to converge on Although one can argue that G loop mutations might the same ultimate target-the F bridge. Indeed, the fast alter the affinity of Nus factors for RNAP, we find this a (G1136S) mutation stabilizes the EC in the forward transhighly unlikely possibility. Neither mutation is exposed; located (active) state (Figure 3A) , presumably by acceleach is buried deep within the enzyme. They are located erating F bridge oscillation (Figure 4 and Supplemental essentially adjacent to each other, and yet have opposite Figure S2 on the Cell website). This mutation severely effects on NusA. Moreover, NusA could still stimulate compromises the response to both hairpin-dependent intrinsic termination of the slow mutant ( Figure 2C ), un-(such as those present in the his and trp synthetic genes) derscoring its independent function in modulating RNA and hairpin-independent (such as those present in intrinfolding during termination and antitermination ( We speculate that the simultaneous presence of these spect, the trapped intermediate is simply a pretranslo-"substitutions" in the yeast enzyme is possible because cated state, which is resistant to cleavage and pyrothey neutralized each other's detrimental effect. Since phosphorolysis due to the bent F bridge. In the case of the key elements of the catalytic center, including the F hairpin-independent pauses, e.g., a T stretch-, F bridgebridge and G loop, are similar in bacterial and eukaryotic mediated hybrid melting is facilitated because of the RNAPs (Gnatt et al., 2001) , there is little doubt that the intrinsically weak hybrid. In contrast to a hairpin-depensame structural principles of elongational control and dent pause, hairpin-independent pauses do not freeze proofreading operate in higher organisms. the F bridge in its bent conformation, thereby allowing the cleavage reaction to occur.
Experimental Procedures
Our data suggest that elongation factors also act via the F pawl. Specifically, we propose that NusG and NusA The T732del3tR2 template for ExoIII footprinting (front edge) was arabinose promoter) and 40 g/ml of ampicillin. Colonies were inocobtained by PCR using nonphosphorylated (left) and 5Ј-phosphoryulated into 1 ml LB supplemented with 2% glucose and 40 g/ml lated (right) primers to produce a 5Ј-OH group in the nontemplate ampicillin and grown overnight at 30ЊC. Aliquots of individual culstrand for subsequent enzymatic phosphorylation. For rear edge tures were replica plated in duplicate onto LB agar containing 2% footprinting, the opposite set of 5Ј terminally modified oligos was glucose, 0.002%, 0.02%, 0.2%, or 0.5% arabinose, and 40 g/ml used for PCR. DNA was labeled with T4 polynucleotide kinase (25 ampicillin. The remainder of the overnight culture was suspended units) and [␥-32 P] ATP (ICN) for 10 min at room temperature in TB100. in 40% glycerol, flash frozen, and stored at Ϫ70ЊC. In each case, EC33 and EC34 were obtained by walking as described above. RL602 transformed with a wt rpoC was also plated. Plates were Treatment with ExoIII was performed for 5 min using 15 units of grown overnight at 30ЊC and 42ЊC. Colonies that failed to grow under ExoIII (New England Biolabs) at room temperature followed by expression conditions (ϩarabinose) when the wt was viable were quenching with SS. DNA products were separated by 8% sequencmarked as dominant negative. As a positive control for the domiing PAGE. nant-negative phenotype, the previously characterized dominantnegative rpoC mutant (DFDGD→AFAGA) (Zaychikov et al., 1996) Crosslinking and Mapping of Crosslinked Sites was used under the same conditions. Colonies that failed to grow at Crosslinking reagents I and II were synthesized as described pre-42ЊC were marked recessive. Plasmids from colonies that appeared viously ( Briefly, the ␤Ј subunit carrying radioactive adduct was excised from templates were purified from low-melting agarose gels and diluted in the gel and eluted with 3 vol of 0.2% SDS at 37ЊC for 1h. The eluate TE buffer to a concentration ‫1ف‬ pmol/l. His6-tagged mutant and was freeze-dried with a SpeedVac and redissolved in water to a wt RNAPs were purified as described , except final concentration of 1%-2% SDS. Protein degradation reactions that TOP10 cells carrying pBADrpoC were inoculated into LB supwith CNBr (at Met residues) and NTCBA (at Cys residues) were plemented with 0.2% glucose and 40 g/ml ampicillin and grown performed according to Mustaev et al. (2003) . Gels containing radioovernight at 30ЊC. 100 l of the overnight culture were then used active materials were scanned on a PhosphoImager. to inoculate 500 ml LB and grown to OD 600 0.5, at which point rpoC was induced with 0.4% arabinose for 1.5 hr. NusA and NusG were
Kinetic Modeling from Asis Das (University of Connecticut Health Center). ExoIII and
The kinetic equations presented in the Supplemental Data on the T4 polynucleotide kinase were from New England Biolabs. rNTPs Cell website were solved numerically and the solutions checked for were from Pharmacia, 3Ј-dNTPs were from Trilink Biotech, GMPcPP consistency against analytical calculations in a number of tractable was from Jena Biosciense, and NMPs were from Sigma. All sublimits. The global fits to the biochemical data of Holmes and Erie strates were further purified by ion exchange chromatography (2003) were obtained by using the data analysis software GraphPad (Nudler et al., 2003) .
(www.graphpad.com). In all cases, the global fit based on the two pawl mechanism was preferred over a single exponential form for Solid Phase Transcription Reactions and Walking which global fits never converged. His6-RNAP ‫2ف(‬ pmol) was mixed with a 2-fold molar excess of DNA in 20 l of TB50 (10 mM MgCl 2 , 40 mM Tris-HCl [pH 7.9], 50 mM
